Congenital lipoid adrenal hyperplasia (lipoid CAH) is the most severe form of CAH in which the synthesis of all gonadal and adrenal cortical steroids is markedly impaired. We report here the clinical, endocrinological, and molecular analyses of two unrelated Japanese kindreds of 46,XX subjects affected with lipoid CAH who manifested spontaneous puberty. Phenotypic female infants with 46,XX karyotypes were diagnosed with lipoid CAH as newborns based on a clinical history of failure to thrive, hyperpigmentation, hyponatremia, hyperkalemia, and low basal values of serum cortisol and urinary 17-hydroxycorticosteroid and 17-ketosteroid. These patients responded to treatment with glucocorticoid and 9 ␣ -fludrocortisone. Spontaneous thelarche occurred in association with increased serum estradiol levels at the age of 10 and 11 yr, respectively. Pubic hair developed at the age of 12 yr 11 mo in one subject and menarche was at the age of 12 yr in both cases. Both subjects reported periodic menstrual bleeding and subsequently developed polycystic ovaries. To investigate the molecular basis of the steroidogenic lesion in these patients, the StAR gene was characterized by PCR and direct DNA sequence analyses. DNA sequence analysis revealed that one patient is homozygous for the Gln 258 Stop mutation in exon 7 and that the other patient is a compound heterozygote with the Gln 258 Stop mutation and a single A deletion at codon 238 in the other allele causing a frame-shift, which renders the StAR protein nonfunctional. These findings demonstrate that ovarian steroidogenesis can be spared to some extent through puberty when the StAR gene product is inactive. This is in marked contrast to the early onset of severe defects in testicular and adrenocortical steroidogenesis which are characteristics of this disease. 
Introduction
Congenital lipoid adrenal hyperplasia (lipoid CAH) 1 is the most severe form of CAH. It is characterized by impaired synthesis of all the adrenal steroids including mineralocorticoids, glucocorticoids, and sex steroids (1) . Affected individuals are phenotypically female and have severe salt wasting (1) (2) (3) (4) . Based on endocrine profiles and in vitro studies, the metabolic lesion in this disease was localized to the first step of steroidogenesis (1) (2) (3) (4) . In mitochondria of adrenal cortex and gonads, the conversion of cholesterol to pregnenolone is catalyzed by the cholesterol side-chain cleavage enzyme (P450scc) supported by its electron transport system consisting of NADPHadrenodoxin reductase and adrenodoxin (1, 5) . Because mitochondria from affected adrenal glands and gonads fail to convert cholesterol to pregnenolone, the disease had been thought to be caused by a defect in P450scc (1) (2) (3) (4) . However, defects in P450scc, adrenodoxin, and adrenodoxin reductase were eliminated by molecular genetic analysis of affected patients (5) (6) (7) . Recently, the gene for steroidogenic acute regulatory protein (StAR), which functions as a labile protein factor in steroidogenesis mediating cholesterol transport within mitochondria, was cloned (8) (9) (10) . Mutations in the StAR gene were subsequently identified as the cause of lipoid CAH (8, 11) .
Although 46,XY individuals with lipoid CAH fail to develop male external genitalia and do not go through spontaneous puberty, some genetic females with lipoid CAH have been reported to undergo spontaneous pubertal changes (12) . In this report, we describe the clinical, endocrinological, and molecular analyses of two 46,XX females with lipoid CAH, who went through spontaneous puberty and subsequently had cyclical menstrual bleeding. The unique features of these subjects document StAR-independent steroidogenesis in the ovary.
Methods
Case histories Kindred 1 . The only affected member of family 1 was a 21-yr-old genetic female. There was no history of consanguinity, but the first phenotypically female offspring of the parents died in the first month of life of unknown causes. The patient was first referred to Hokkaido University Hospital at the age of 2 mo because of failure to thrive, weakness, and increased skin pigmentation. Physical examination dis-closed normal female external genitalia. Initial laboratory studies revealed a serum sodium of 131 meq/liter and potassium of 6.9 meq/liter. Urinary excretions of 17-ketosteroid (17-KS) and 17-hydroxycorticosteroid (17-OHCS) were 1.39 and 2.77 mol/d, respectively (17-KS, normal range 0.42-1.04 mol/d, 17-OHCS, normal range 3.32-6.73 mol/d). Serum cortisol levels showed no response to the intravenous administration of 0.25 mg ACTH. In addition, the plasma ACTH concentration was extremely high ( Ͼ 264 pmol/liter). On the basis of these findings, the infant was diagnosed as having lipoid CAH and was treated with hydrocortisone, 9 ␣ -fludrocortisone, and NaCl. She has responded well to replacement therapy. At the age of 5 yr, the patient was admitted again for hormonal evaluation. A karyotype obtained at this time was 46,XX. Serum adrenocortical steroids and urinary 17-KS and 17-OHCS did not respond to the intramuscular administration of 0. (Fig. 1  a ) . The patient's endocrine profile during a menstrual cycle is shown in Fig. 2 a . LH levels were increased whereas FSH levels were not elevated. Although serum estradiol levels fluctuated from 73 to 294 pmol/liter, progesterone remained undetectable. DHEA ( Ͻ 0.03 nmol/liter), DHEAS ( Ͻ 0.02 mol/liter), androstenedione ( Ͻ 0.03 nmol/liter), 17-OH progesterone ( Ͻ 0.45 nmol/liter), and testosterone ( Ͻ 0.14 nmol/liter) were also not detectable.
Kindred 2. The propositi of family 2 were two genetic female siblings. There was no history of consanguinity, but the first phenotypically female offspring of the parents died at 2 d of age of unknown causes. The older female subject studied was the product of an uneventful birth at 40 wk of gestation with a birth weight of 2,450 g. Although she was recognized to be slightly pigmented and fed poorly, she was discharged at 7 d of life. 3 wk later, she presented with weight loss, hyponatremia, and hyperkalemia, suggesting hypoadrenalism. She was treated with hydrocortisone and NaCl supplementation. She was then referred to Kanagawa Children's Medical Center for further evaluation at the age of 38 d. At this examination, her skin was observed to be pigmented and she had normal female genitalia with a karyotype of 46,XX. Endocrinological examination revealed elevated plasma ACTH (131 pmol/liter, upper limit of normal: 22 pmol/liter) and plasma renin activity (6.16 ng/(liter·s), upper limit of normal: 1.39 ng/(liter·s) and undetectable cortisol ( Ͻ 28 nmol/liter), aldosterone ( Ͻ 69 pmol/liter), 17-hydroxyprogesterone ( Ͻ 0.45 nmol/liter), and urinary 17-OHCS ( Ͻ 2.1 mol/d) and 17-ketosteroids ( Ͻ 2.6 mol/ d), suggesting defective production of all three classes of adrenal steroid hormones. She was diagnosed as having lipoid CAH. Since then, she has been treated with hydrocortisone, 9 ␣ -fludrocortisone, and NaCl. At 11 yr of age, the patient manifested Tanner stage II breast development. Menarche occurred at the age of 12 yr. At this time, values of LH and FSH were 6.9 and 2.9 IU/liter and serum estradiol was 201 pmol/liter. At the age of 14 yr, her height was 145.8 cm, at the 1%tile for adult Japanese females. At evaluation at 16 yr of age, the patient reported cyclic vaginal bleeding. Pelvic ultrasonography identified normal sized ovaries and uterus for an adult Japanese female. The patient's endocrine profile during a menstrual cycle is shown in Fig. 2 b . LH levels were modestly elevated, as was found in the subject in kindred 1. Serum estradiol levels were Ͼ 110 pmol/liter, but progesterone remained undetectable (Fig. 2 b ) . DHEA ( Ͻ 0.03 nmol/ liter), DHEAS ( Ͻ 0.02 mol/liter), androstenedione ( Ͻ 0.03 nmol/liter), 17-OH progesterone ( Ͻ 0.45 nmol/liter), and testosterone ( Ͻ 0.14 nmol/liter) were not detectable. Pubic hair has not appeared by the age of 16 yr and breast development remained at Tanner stage II. At the age of 16 yr, abdominal MRI revealed polycystic changes in the ovaries (Fig. 1 b ) .
The younger sister of this patient was a 2,540-g product of an uneventful 40-wk gestation. She manifested generalized skin pigmentation with normal female genitalia at birth. This patient was suspected Figure 2 . Endocrine profiles of patients from kindred 1 (a) and kindred 2 (b). In both subjects, LH levels were modestly elevated. Estradiol was detectable, but progesterone was not detected. Furthermore, DHEA, DHEAS, androstenedione, 17-OH progesterone, and testosterone were not detected. M indicates menstrual bleeding.
to have lipoid CAH because the elder sister had been diagnosed with the disease. By 8 d of life, she had shown poor weight gain, hyponatremia, and hyperkalemia. The karyotype was 46,XX. Further endocrinological evaluation confirmed that the younger sister also had lipoid CAH. She had Tanner stage II breast development at the age of 9 yr. She has not menstruated at her present age of 13 yr.
Genetic analyses
To analyze the StAR gene, genomic DNA was obtained from white blood cells by standard procedures. The exons and exon-intron boundaries of the StAR gene were amplified by PCR using oligonucleotide primers as follows: primer A: 5 Ј -GTCCCTGCTAGAATACTG-TGTT-3 Ј ; primer B: 5 Ј -GACTGCTGCATGAGACAGGA-3 Ј ; primer C: 5 Ј -TGCTGGGATTAAGGCGTGAAC-3 Ј ; primer D: 5 Ј -GCTAGG-GGTCCTCTCTTTGATACAG-3 Ј ; primer E: 5 Ј -GTGAGCAAA-GTCCAGGTGCG-3 Ј ; primer F: 5 Ј -ATGAGCGTGTGTACCAGT-GCAG-3 Ј . These primers were designed on the basis of the recent characterization of the human StAR gene (10) . The locations of the PCR primers are illustrated in Fig. 3 
and F were resolved by 1.5% agarose gel electrophoresis and directly sequenced using an automated DNA sequencer (Applied Biosystems, Inc., Foster City, CA) using Taq DyeDeoxy sequencing reagents (Applied Biosystems, Inc.).
Functional studies
The wild-type human StAR cDNA and the mutant cDNA with a single A base deletion out of three A bases at codon 238 were cloned into the pSV-SPORT-1 vector to yield the plasmids pStAR and p238 del A. Nonsteroidogenic COS-1 cells were cultured to 40% confluence in 35-mm plastic dishes and were transfected with 1 g of pSV-SPORT-1, pStAR, or p238 del A and 1 g of plasmid F2, which expresses the fusion protein H2N-P450scc-adrenodoxin reductase-adrenodoxin-COOH, kindly provided by Dr. Walter L. Miller (University of California, San Francisco), using 10 l of lipofectamine as described previously (8) . 48 h after transfection, the culture medium was collected for assays of pregnenolone by RIA. We did not carry out in vitro expression studies of the mutant StAR protein with the Gln 258 Stop mutation in exon 7, because Lin et al. (8) demonstrated previously that the resulting truncated StAR protein is not functional in this in vitro assay. Western blot analyses on mitochondrial fractions isolated from transfected COS-1 cell extracts were carried out as described previously using an antipeptide antibody kindly provided by Dr. Douglas M. Stocco (Texas Tech University, Lubbock, TX) (8) and a polyclonal antibody raised against recombinant human StAR which will be described elsewhere.
Results
Sequencing of the StAR gene. All PCR products from the StAR gene were successfully amplified with the expected sizes. In kindred 1, we detected a homozygous nonsense mutation in the StAR gene. Direct sequencing of PCR products using primer pairs E and F revealed that a one base substitution of C to T changed CAG(Gln) at codon 258 in exon 7 to TAG (stop codon) (Fig. 3 B ) . In kindred 2, we detected the same C to T transition at codon 258 in one allele from each of the two siblings. In addition, these siblings bear a frame-shift mutation in the other allele in exon 6 caused by a single A base deletion out of three A bases at codon 238. The pedigree analysis revealed that the parents were heterozygous for either the Gln 258 Stop codon mutation or the single A deletion mutation (Fig. 4, A-C , and Fig. 5) .
Functional studies. COS-1 cells transfected with the cholesterol side-chain cleavage system and wild-type StAR efficiently converted cholesterol into pregnenolone, but cotrans- fection with either the pSV-SPORT-1 vector or the vector expressing the StAR protein resulting from the frame-shift due to the A deletion at codon 238 did not enhance the conversion of cholesterol to pregnenolone (Table I) . Previously, we established that the Gln 258 Stop mutant protein is biologically inactive and did not therefore retest the functional activity of this mutant in the present study (8) . Western blot analyses revealed that the 238 del A mutant protein was expressed at high levels in the COS-1 cells (Fig. 6 ). The mutant protein had a molecular weight greater than wild-type StAR, but also appeared to be processed to lower molecular weight species, presumably reflecting cleavage of the mitochondrial import sequence after entry of the mutant StAR preprotein into the mitochondria.
Discussion
In this study, we identified a homozygous mutation of Gln 258 Stop in kindred 1 and a compound heterozygous mutation of Gln 258 Stop and single A deletion at codon 238 in kindred 2. In vitro coexpression studies of these StAR proteins with the cholesterol side-chain cleavage system in COS-1 cells demon- strated that the mutant proteins were devoid of steroidogenesis enhancing activity, establishing that these mutations cause lipoid CAH. The pedigree analysis in family 2 revealed that the father was heterozygous for the Gln 258 Stop codon mutation, while the mother was heterozygous for a single A deletion mutation, consistent with the autosomal recessive transmission of this disorder.
Although our patients have nonfunctional StAR proteins, they developed female secondary sexual characteristics and cyclical menstrual bleeding. Similar to our cases, three Japanese 46,XX patients with lipoid CAH have been reported to manifest female secondary sexual characteristics (12) . We have also identified five additional cases of pubertal-aged 46,XX Japanese patients with lipoid CAH who manifested spontaneous puberty (13) . How can this phenomenon be explained if StAR is essential for steroidogenesis in both the adrenal cortex and ovary? One possible explanation is that the amounts of cholesterol that are converted into steroid hormones in the adrenal gland, testes, and ovary are different. Serum concentrations of cortisol and testosterone are generally much higher than those of estradiol. To produce sufficient amounts of cortisol Ͼ 100 times greater quantities of cholesterol must undergo side-chain cleavage in the adrenal cortex than to produce the levels of estradiol found in the follicular phase. Thus, impairment of StAR protein function would profoundly affect steroidogenesis in adrenal glands, resulting in adrenal insufficiency. Quanti- ties of estradiol sufficient to promote pubertal changes and endometrial growth could be produced as a result of StARindependent cholesterol translocation to the side-chain cleavage system. This notion is consistent with the fact that a small amount of pregnenolone is produced from cholesterol in coexpression studies in COS-1 cells in the absence of StAR (8) . Peripheral conversion of androstenedione or testosterone to estradiol is unlikely in our patients, since these hormones were not detectable in blood. The severe impairment of Leydig cell and adrenal cortex steroidogenesis that is apparent early in lipoid CAH may result from the compounding effects of the massive accumulation of cholesterol and cholesterol esters in the cells, which is a hallmark of the disease. The stimulation of the adrenal and testicular cells in intrauterine life and in the newborn period renders these cells susceptible to cholesterol accumulation, which may compress cellular organelles and promote oxidative damage of the tissue. In contrast, the majority of follicular units in the ovary is dormant until puberty and only a small cadre is stimulated to grow at given times. Thus, the ovarian steroidogenic tissues are spared the early and persistent stimulation that dooms the testicular and adrenal cortical cells to damage from cholesterol engorgement. Alternatively, unlike the adrenal glands and testes, the ovaries might express a backup system for cholesterol transport into the mitochondria.
Despite the presence of sufficient amounts of estrogen to produce secondary sexual development and endometrial growth, progesterone levels remained undetectable in the subjects we studied. This suggests that the periodic vaginal bleeding was of an anovulatory nature or the result of ovulatory cycles with severely deficient luteal phases. The development of multiple cysts in the ovaries of the two subjects is consistent with the former possibility. Acyclic gonadotropin secretion with LH levels exceeding those of FSH and follicular cysts are characteristically observed in patients with polycystic ovary syndrome. However, in contrast to the usual subjects with this syndrome, who invariably have elevated ovarian androgen secretion, the females affected with lipoid CAH had undetectable levels of androstenedione and testosterone. Hence, the pattern of gonadotropin secretion and the polycystic appearance of the ovaries cannot be attributed to hyperandrogenemia.
The 238 del A mutant lacks the normal StAR sequences in the COOH terminus as does the Gln 258 Stop mutant, which is prematurely truncated. The fact that these two different mutants yield nonfunctional proteins strongly suggests that COOHterminal sequences in the StAR protein are essential for steroidogenic activity. The accumulation of the 238 del A mutant StAR protein in transfected COS-1 cells as well as evidence for processing of the mutant protein, presumably reflecting mitochondrial import, suggests that StAR's steroidogenic activity is not obligatorily linked to its entry into mitochondria and/or its subsequent proteolytic cleavage. This contrasts with the mechanism of StAR action proposed recently by Stocco and Clark (14). These authors suggested that the StAR preprotein is the active molecule and that its import into mitochondria is critical for its steroidogenesis-enhancing activity.
In summary, the two kindreds we have studied demonstrate the heterogeneity of the functional defects in gonadal steroidogenesis in lipoid CAH. The novel 238 del A mutation identified in one kindred also supports the notion that the COOH terminus of StAR is critical to its functional activity.
